Introduction
============

Preeclampsia (PE) is a multiorgan systemic hypertensive disorder of pregnancy (HDP) that is a leading cause of maternal and fetal mortality.[@b1-ijn-12-8009]--[@b3-ijn-12-8009] The exact etiology of PE is difficult to establish, due to the multifactorial nature of the disorder; however, the general theoretical framework underlying the etiology of PE centers on abnormal placentation due to inadequate spiral-artery remodeling caused by poor trophoblast invasion.[@b4-ijn-12-8009],[@b5-ijn-12-8009] Moreover, it is now understood that increased placental oxidative stress is triggered by a predisposing condition, which stimulates the release of microvesicles from the syncytial layer of the placenta.[@b6-ijn-12-8009],[@b7-ijn-12-8009] These extracellular vesicles (EVs), termed syncytiotrophoblast microvesicles (STBMs), may bind to monocytes and stimulate the production of proinflammatory cytokines, which results in altered maternal systemic inflammatory response (MSIR) in normal and preeclamptic pregnancies.[@b8-ijn-12-8009]--[@b11-ijn-12-8009] In addition, ex vivo studies have shown that STBMs have a key role in maternal immunomodulation that results in regulation of T-helper 1 (T~h~1)/T~h~2 immunoresponses in normal pregnancy,[@b8-ijn-12-8009] and may thus be responsible for the T~h~1 skewness in PE.[@b12-ijn-12-8009]

It is now recognized that the exact nature and composition of STBMs has yet to be defined with regard to proportion of exosomes, apoptotic bodies, and other vesicles. In light of this, recent literature has indicated that the constituents of STBMs should be classified as EVs and thus be termed STBEVs.[@b13-ijn-12-8009] Though prior knowledge of STBEVs indicates that these vesicles in their entirety can be used as circulating STB biopsies,[@b14-ijn-12-8009] they cannot be clearly defined as biomarkers of PE, as studies have not demonstrated the objective isolation and detection of PE-specific biomarkers. In addition, studies conducted by the Obstetrics and Gynaecology Unit at the University of Oxford have shown that exosomes may be a key constituent of STBMs involved in the pathogenesis of the disorder.[@b7-ijn-12-8009],[@b8-ijn-12-8009],[@b10-ijn-12-8009],[@b12-ijn-12-8009]--[@b19-ijn-12-8009] These fundamental observations support the potential of placenta-derived exosomes as a biomarker of PE. Therefore, this review aims to evaluate the potential application of exosomes as a biomarker of PE.

Understanding the spectrum of pregnancy-related hypertensive disorders
======================================================================

HDPs are classified into four groups: 1) PE and eclampsia, 2) chronic hypertension (of any cause), 3) chronic hypertension with superimposed PE, and 4) gestational hypertension. Clinical classification of the types of HDP is based primarily on gestational age, blood pressure, and compounding complications ([Figure 1](#f1-ijn-12-8009){ref-type="fig"}). PE is defined as an HDP that has been characterized extensively in clinical practice, as it is associated with an increased risk of fetal and maternal morbidity and mortality.[@b20-ijn-12-8009] Without early-detection strategies, PE is clinically diagnosed as new-onset hypertension with proteinuria,[@b20-ijn-12-8009],[@b21-ijn-12-8009] and can be further subcategorized into early-and late-onset PE.[@b21-ijn-12-8009]--[@b24-ijn-12-8009] Based on gestational age, early-onset PE is defined by new-onset hypertension at \<33 weeks plus 6 days of gestation and late-onset PE defined by new-onset hypertension \>34 weeks of gestation.[@b22-ijn-12-8009]--[@b24-ijn-12-8009] However, the severity of PE pregnancies can be differentiated by their clinical manifestations, as outlined by clinical practice guidelines that present the adverse conditions and severe complications of PE according to the end organs affected.[@b25-ijn-12-8009]

Adverse conditions in PE are associated with risks that increase the odds of severe maternal and fetal complications, and when exaggerated complications lead to severe (that warrant delivery).[@b25-ijn-12-8009] Diagnosis of these complications is primarily based on clinical maternal symptoms and laboratory tests. In addition, gestational hypertension, superimposed PE, and PE can progress to severe PE if one or more severe complications manifest, which thus necessitates improved clinical monitoring-management systems using defined prognostic and diagnostic methods. Thus far, the only known cure of PE is the early delivery of the fetus and placenta to prevent worsening of disease progression and associated maternal complications, which leads to prematurity and its subsequent complications.[@b25-ijn-12-8009],[@b26-ijn-12-8009] All these complications emphasize the need for a biomarker that would enable early diagnosis and development of a treatment method for PE to prevent the inherent distress induced by it.

Biomarkers of PE: the current state
===================================

Biomarkers are universally defined as biochemical alterations that can be objectively detected and quantified in human tissue, cells, or fluids and evaluated as an indicator of normal biological processes, pathogenic processes, or pharmacological responses to therapeutic intervention.[@b27-ijn-12-8009] It is thus imperative that these criteria are met when identifying potential biomarkers of PE to develop an efficient clinical test for early diagnosis and differentiation of the severity of PE. However, this is a challenge, due to the complex etiology and pathology of PE.

Clinical markers, such as maternal factors, blood pressure, proteinuria, and uterine-artery Doppler velocimetry remain the most reliable methods in PE monitoring and supportive care of the mother and fetus. However, they cannot be used in the early diagnosis of PE,[@b21-ijn-12-8009],[@b28-ijn-12-8009] but may still serve as useful markers when used in combination with other PE biomarkers. Previous studies ([Table 1](#t1-ijn-12-8009){ref-type="table"}) have shown that combined clinical and biological markers have improved detection rates in overt PE, which could be incorporated into clinical care for early screening and assessment of patient-specific risks of PE.[@b29-ijn-12-8009]--[@b31-ijn-12-8009] However, the limitation of combined clinical markers and biological markers is the inability of these markers to provide definitive differentiation of the severity of PE and assessment of the PE-disease pathway. Currently, combined biomarkers of PE include cytokines, proteins, angiogenic and antiangiogenic factors that have a fundamental role in the pathogenesis and etiology of PE, as well as other related HDPs.[@b32-ijn-12-8009]--[@b34-ijn-12-8009]

Angiogenic and antiangiogenic factors
-------------------------------------

Thus far, antiangiogenic sFlt1 and angiogenic PGF in combination serve as the most promising biomarkers for the diagnosis of PE.[@b35-ijn-12-8009]--[@b38-ijn-12-8009] This is mainly attributed to the synergistic role of these molecules in the pathogenesis of PE, whereby an altered angiogenic balance induced by sFlt1, inhibits PGF signaling, resulting in vascular endothelial dysfunction, a key feature of PE.[@b32-ijn-12-8009],[@b37-ijn-12-8009]--[@b39-ijn-12-8009] Although the precise physiologic role of these factors is not fully understood, the elevated circulating levels of sFlt1 and decreased PGF observed in overt PE highlight their combined biomarker potential,[@b33-ijn-12-8009],[@b37-ijn-12-8009],[@b38-ijn-12-8009],[@b40-ijn-12-8009] Furthermore, a recent study presented the differential diagnostic potential of the sFlt1:PGF ratio in PE.[@b37-ijn-12-8009],[@b38-ijn-12-8009],[@b41-ijn-12-8009],[@b42-ijn-12-8009] This ratio proved to be effective in the diagnosis of overt PE in the third trimester of pregnancy, together with differential diagnosis of severe gestational and chronic hypertension at ≥34 weeks' gestation.[@b35-ijn-12-8009],[@b31-ijn-12-8009] Regardless of the favorable sensitivity and specificity of the sFlt1:PGF ratio, its clinical usage is restricted as a late-pregnancy diagnostic and management tool for severe or overt HDP.[@b42-ijn-12-8009] A case--control multicenter study showed that use of differential cutoffs for the various gestational phases enhanced the diagnostic potential of the sFlt1:PGF ratio.[@b38-ijn-12-8009] This study, however, did not show false-positive or false-negative values, due to the high constructed incidence of PE and variability of the disorder. Therefore, validation of the sFlt1:PGF ratio in a clinical setting with a larger, homogeneous population is required. sEng, a key antiangiogenic factor implicated in PE, has been found to be elevated in maternal circulation in the second trimester in PE-predisposed patients.[@b43-ijn-12-8009]--[@b45-ijn-12-8009] Although sEng values alone or in combination with other pro- and antiangiogenic factors are significantly altered in PE serum, it has proven to be a poor biomarker of the disorder.[@b46-ijn-12-8009]

Cell-free fetal DNA
-------------------

cfDNA and cffDNA are also probable combined biomarkers of PE, mainly due to their sensitivity and specificity in biological fluids.[@b47-ijn-12-8009],[@b48-ijn-12-8009] The identification of the methylated *RASSF1A* promoter gene, which is elevated in early-PE pregnancies,[@b49-ijn-12-8009]--[@b51-ijn-12-8009] offers a promising alternative to the quantification of cffDNA, using Y-chromosome-specific sequences.[@b52-ijn-12-8009] Notably, high doses of human cffDNA did not induce PE-like symptoms in a murine in vivo model,[@b53-ijn-12-8009] reinforcing the notion that the increase in *RASSF1A* methylation is a consequence rather than a cause of PE. Nevertheless, when used in combination with other markers, cffDNA *RASSF1A* methylation may have potential in monitoring PE development in the second trimester.[@b49-ijn-12-8009]--[@b51-ijn-12-8009]

Cytokines
---------

Cytokines are significantly involved in the pathophysiology of PE, as they are instrumental in the maintenance of the T~h~1--T~h~2 balance in normal pregnancy.[@b9-ijn-12-8009] During normal pregnancy, there is a shift toward T~h~2 immunity that results in the synthesis of IL4, IL5, IL6, and IL10, whereas in PE there is a distinct shift toward T~h~1 immunity, resulting in the production of IL2, TNFα, and IFNγ.[@b54-ijn-12-8009] It is this shift toward T~h~1-associated immunity in PE that results in the exaggerated MSIR. Therefore, T~h~1- and T~h~2-associated cytokines have gained interest as potential PE biomarkers. Research conducted in patients in the early second trimester of pregnancy has indicated that IL10-, TNFα-, and IFNγ-expression levels were significantly altered in PE during weeks 14--18 of gestation.[@b55-ijn-12-8009]--[@b58-ijn-12-8009] Therefore, these cytokines in combination may serve as potential early biomarkers of PE if validated in a larger sample population. In addition, GDF15, a macrophage-inhibiting cytokine possessing cardioprotective and biomarker potential in cardiovascular disease, has been found to be significantly reduced in PE women.[@b59-ijn-12-8009] However, GDF15 cannot be used as a biomarker of PE in the first trimester of pregnancy, as no marked differences between normotensive and PE pregnancies have been observed. Although cytokines may be involved in the pathophysiology of PE, their application as possible biomarkers is questionable, since key cell-mediated factors are involved in their regulation during pregnancy.

High-temperature-requirement A3 enzyme
--------------------------------------

HTRA3, a pregnancy-related serine protease expressed by placental extravillous trophoblast cells, may have biomarker potential in the early detection of PE.[@b60-ijn-12-8009] It has been found to be associated with altered placental oxygen transfer and blood-vessel remodeling in the first trimester.[@b61-ijn-12-8009] Elevated levels of HTRA3 in weeks 13--14 of gestation have been observed in PE-predisposed patients.[@b62-ijn-12-8009] Although the potential application of HTRA3 as a biomarker is promising, it has limited application, since factors responsible for altered expression of this enzyme in PE are still unclear. Additionally, this enzyme is not a specific marker of placental function, and thus cannot be used an indicator of placental maladaptation in PE.

Pregnancy-associated plasma protein A
-------------------------------------

PAPPA, a more relevant, pregnancy-related protease involved in early placental development, has been found to be dysregulated in intrauterine growth restriction, PE, placental abruption, and premature birth.[@b63-ijn-12-8009] PAPPA is responsible for the cleavage of IGFBP4, hence regulating the synthesis of IGF, a key growth factor in the regulation of placental and fetal growth.[@b64-ijn-12-8009] Dysregulation of this enzyme may be linked to a variety of pregnancy-related complications associated with generalized placental function. Due to the aspecificity of this enzyme, it cannot be used as a marker of PE, but may have diagnostic application in combination with other clinical measurements and biomarkers.[@b65-ijn-12-8009]

Neutrophil gelatinase-associated lipocalin
------------------------------------------

NGAL, a lipocalin-type glycoprotein involved in iron sequestration normally associated with inflammation, neoplastic transformation, and renal damage, has been found to be linked to PE.[@b66-ijn-12-8009] Increased serum NGAL is proportional to the severity of PE in the late second trimester of pregnancy, with sensitivity and specificity of 75% and 94.5%, respectvely.[@b67-ijn-12-8009] However, NGAL is not linked exclusively to placental maladaptation, and its role in PE is unclear. Additionally, maternal serum AFP, in combination with maternal factors, the uterine-artery pulsatility index, and mean arterial pressure, has shown potential in the diagnosis of PE in weeks 19--24 of gestation in combination with other biomarkers.[@b68-ijn-12-8009]

Placental protein
-----------------

PP13 has been reported extensively in early placental development,[@b69-ijn-12-8009],[@b70-ijn-12-8009] and may be involved in T-cell and mac rophage apoptosis, regulation of maternal immunoresponses, and maternal--fetal immunomodulation.[@b70-ijn-12-8009],[@b71-ijn-12-8009] Due to its association with early placental development, it may be useful in detecting PE during early pregnancy.[@b72-ijn-12-8009] A significantly lower concentration of PP13 in weeks 6--10 of gestation has been found in PE-predisposed patients, which was attributed to impaired trophoblastic regulation and spiral-artery remodeling in PE.[@b72-ijn-12-8009] Studies involving PP13 as a biomarker are limited, due to the lack of sample-population homogeneity and poor detection sensitivity; in addition, sensitivity and specificity for detection has to be determined using predefined cutoff values. Interestingly, STBEVs have been shown to be immunopositive for PP13,[@b70-ijn-12-8009] suggestive of an immunomodulatory role. Therefore, future studies must evaluate PP13-biomarker potential in association with STBEVs and exosomes.

Syncytiotrophoblast extracellular vesicles
------------------------------------------

STBEVs may play a role in maternal--fetal immunoadaptation.[@b73-ijn-12-8009] In addition, in vitro research has indicated that PE-derived STBEVs differentially affect immune cells, endothelial cells, and platelet activation, suggesting a key role in maintenance of the MSIR.[@b74-ijn-12-8009] STBEVs have been identified in maternal circulation in the first trimester of normal pregnancy and also found to be significantly elevated in early-onset PE.[@b75-ijn-12-8009] Moreover, it is known that STBEVs contain subpopulations of EVs.[@b16-ijn-12-8009] As such, it is difficult to utilize the entire STBEV population as a biomarker of PE solely, as there are a multitude of biological factors associated with each EV subtype.

Lipids
------

New developments in lipidomic research have led to the identification of multimarker lipid biomarkers of PE. Lipid biomarkers with a mass:charge ratio (m/z) of 383, 784, 796, 798, and 920 were able to identify PE with sensitivity of 91% and specificity of 82%. Lipids with an m/z of 383 have been identified as oxidized cholesterol, which has been shown to contribute to vascular atherosclerosis in PE.[@b76-ijn-12-8009] However, lipids with an m/z of 784, 796, 798, and 920 belong to the glycerophosphocholine-lipid class, which may be elevated in PE pregnancies due to enhanced cellular apoptosis.[@b76-ijn-12-8009] Although lipidomics provide a new avenue for the identification of PE biomarkers, further studies are needed to determine if these markers are specific for PE.

In summary, biomarkers of PE can be described as angiogenic and antiangiogenic factors involved in placental maladaptation, improper spiral-artery remodeling, and immune factors that are synthesized as a result of the predominant T~h~1 immunoshift in PE ([Figure 2](#f2-ijn-12-8009){ref-type="fig"}). The dysregulation of these factors in PE indicates that they may be involved in the etiopathogenesis of the disorder. However, the upregulation of proangiogenic factors, AFP, and HTRA3 indicates that these factors are consequences of the disorder, rather than the cause. Consolidation of the current state of biomarkers in PE indicates that there is no single biomarker of the disorder that can be objectively utilized as a definitive early biomarker of PE. However, placenta-derived exosomes, a key constituent of STBEVs, may best fit the required biomarker criterion of PE and provide key evidence supporting the etiology and pathogenesis of the disorder. This review thus aims to evaluate the potential of placenta-derived exosomes as biomarkers of PE within the approved US Food and Drug Administration (FDA) biomarker-criterion framework.

Placenta-derived exosomes as potential biomarkers of PE
=======================================================

Placenta-derived exosomes are synthesized by STB cells via the lysosomal pathway, whereby multivesicular bodies fuse with the cell membrane via exocytosis, resulting in the release of placental exosomes into maternal circulation. During the process of exosome biogenesis, selective packaging of molecules into exosomes occurs within the originating cell. These native molecules contained within the exosome thus consist of genetic and proteomic information that could serve as direct markers of pregnancy-related complications/placental function. However, the rationale for presenting exosomes as a candidate biomarker of PE is yet to be evaluated in terms of the FDA-approved biomarker criterion.[@b27-ijn-12-8009] In this review, we thus incorporate the FDA-biomarker criterion in evaluating placenta-derived exosomes as biomarkers of PE, whereby placenta-derived exosomes were evaluated in view of the following criteria. Can they be objectively isolated, detected, and quantified from biological fluids? Have they been shown to increase with an increase in gestational age in normal pregnancy? Have they been shown to be significantly altered in PE? Do they contain key molecular markers that can improve biomarker sensitivity and specificity? Can they be used as a biotherapeutic agent to reprogram the dysfunctional placenta?

Isolation, detection, and quantification of placenta-derived exosomes in maternal circulation
---------------------------------------------------------------------------------------------

Blood is the biofluid of choice when isolating exosomes for research and diagnostic purposes; however, various factors, such as the choice of anticoagulant, venipuncture, blood handling, circadian systems, time of draw, fasting status, platelet activation, and hemolysis, affect the composition and characteristics of exosomes in downstream sample processing and may result in inaccurate results.[@b77-ijn-12-8009] It is thus a requirement that when investigating the use of placenta-derived exosomes as biomarkers of PE that standardized blood-collection protocols as recommended by the International Society for Extracellular Vesicles be considered to prevent the artificial release of exosomes, which would result in false positives and negatives.[@b77-ijn-12-8009] Exosomes from maternal circulation are generally isolated based on their buoyant density of 1.13--1.19 g/mL using density-gradient or static-gradient ultracentrifugation and characterized by microscopic morphology and proteomic identification of exosome-associated tetraspanins, such as CD63, CD9, CD81, and HSP70.[@b78-ijn-12-8009] Furthermore, PLAP is used as a placenta-specific marker for the isolation and quantification of placenta-derived exosomes.[@b79-ijn-12-8009]--[@b81-ijn-12-8009] Alternative technologies, such as analytical size-exclusion chromatography and immunoaffinity capture,[@b82-ijn-12-8009],[@b83-ijn-12-8009] for the isolation of PLAP^+^ exosomes from maternal circulation have been shown elsewhere; however, these methods, especially the latter, result in analytical challenges with regard to the reproducibility and precision of the quantification of placenta-derived exosomes in maternal circulation. Alternatively, the direct quantification of placenta-derived exosomes from total purified exosomes using PLAP as a placenta-specific marker has been achieved.[@b79-ijn-12-8009]--[@b85-ijn-12-8009] In contrast to immunocapture methods, this method eliminates inaccuracies attributed to the lower exosomal yield obtained using immunocapture techniques. However, the direct quantification of placenta-derived exosomes in maternal circulation is largely dependent on the purity of the exosomal fraction. It is thus advisable that density-gradient ultracentrifugation and analytical size-exclusion exosome-isolation methods be utilized in combination to improve the purity and yield of maternal exosomes, thus enhancing the objective identification of placenta-derived exosomes.

The objective isolation of exosomes in maternal circulation coupled with recent advancements in nanotechnology, such as nanoparticle-tracking analysis, enables the accurate characterization and quantification of exosomal populations based on particle-size distribution using dynamic light scattering and Brownian motion.[@b80-ijn-12-8009],[@b85-ijn-12-8009],[@b86-ijn-12-8009] Additionally, this technology enables the use of placenta-specific fluorescent probes, such as PLAP and other exosome-specific protein markers, for the quantification of placenta-derived vesicles.[@b86-ijn-12-8009],[@b87-ijn-12-8009] With advances in exosome-isolation and -detection technologies, the expected challenges would not only include the discovery of specific PE exosomal markers but also how to incorporate these markers into regulatory decision-making and clinical practice.

Placenta-derived exosomes in normal and complicated pregnancies
---------------------------------------------------------------

### Altered levels of circulating placenta-derived exosomes in PE

Previously, studies have focused on supraphysiological levels of enriched STBEVs in ex vivo systems.[@b12-ijn-12-8009],[@b19-ijn-12-8009],[@b88-ijn-12-8009] These studies have demonstrated an increase in STBEVs in ex vivo placental perfusates in PE in comparison to normal pregnancies. Furthermore, it has been established that STBEVs have a key role in immunomodulation during normal and complicated pregnancies,[@b12-ijn-12-8009],[@b83-ijn-12-8009],[@b89-ijn-12-8009] and not as purified populations of constituent vesicles, such as exosomes. Exosomes are regarded as a key constituent of STBEVs, due to their ability to reprogram cells and consequently alter normal cellular physiology, which thereby contributes to various pathological states. Although STBEVs in normal pregnancies have been shown to play a role in immunoregulation[@b12-ijn-12-8009] and placenta-derived exosomes have been shown to increase with gestational age and alter in vitro endothelial cell migration,[@b80-ijn-12-8009],[@b90-ijn-12-8009] there is a lack of knowledge in understanding the role of placenta-derived exosomes in complicated pregnancies, such as those with PE, as well as the relative proportion of these vesicles in relation to other STBEVs.

### Role of placenta-derived exosomes in maternal immunomodulation

Placenta-derived exosomes were initially identified from placental tissue by Frängsmyr et al, and have been shown to contain the transmembrane protein FasL, which suggests that placenta-derived exosomes are involved in immunoregulation during pregnancy by initiating the local deletion of activated maternal lymphocytes that identify placental paternal antigens.[@b91-ijn-12-8009] In addition, a similar study by Abrahams et al indicated that exosome-mediated secretion of FasL promotes immunoprivilege of semi-allograph invading trophoblastic cells by inducing apoptosis in Fas-bearing immune cells during implantation and pregnancy.[@b92-ijn-12-8009] However, a more recent study showed that B7 immunomodulatory molecules and HLAG5 are secreted via exosomes from early and term placentas.[@b93-ijn-12-8009] This study offered a novel perspective in which human placenta-derived exosomes may have served directly as key mediators of maternal immunotolerance to the semiallogeneic fetus. The identification of these key immunoregulatory proteins bound to placenta-derived exosomes supports the fact that exosomes have an immunomodulatory role in preventing the degradation of invading trophoblastic cells by inducing maternal T-cell apoptosis, which could play a key role in maternal complications, such as PE, fetal rejection, and intrauterine growth restriction.

### MSIR and placenta-derived exosomes in maternal circulation

According to Redman and Sargent, in PE, placental oxidative stress as a result of abnormal placentation induces the release of STBEVs that may control cellular apoptotic and necrotic events in circulation, thus resulting in an exaggerated MSIR.[@b7-ijn-12-8009],[@b15-ijn-12-8009] In addition, these authors postulated that in normal pregnancy, the process of regeneration of placental STB cells is dependent on cellular apoptosis, which is modulated by STBEVs.[@b7-ijn-12-8009],[@b15-ijn-12-8009] In PE, the increase in STBEVs results in an exaggerated MSIR,[@b7-ijn-12-8009],[@b10-ijn-12-8009],[@b86-ijn-12-8009] which is induced when the maternal immune system reacts adversely in an exaggerated manner upon exposure to STBEVs.[@b17-ijn-12-8009] Since placenta-derived exosomes are a key constituent of STBEVs, we and others[@b16-ijn-12-8009],[@b94-ijn-12-8009] thus hypothesize that the marked differences in magnitude of placenta-derived and total exosomes in PE in comparison to normal pregnancies may control T~h~1/T~h~2 immunity during pregnancy, which in turn has a direct relationship with the size of the MSIR ([Figure 3](#f3-ijn-12-8009){ref-type="fig"}). In particular, this model proposes that a possible alteration in magnitude of placenta-derived and total exosomes during the pathological progression of early- or late-onset PE may cause adverse conditions or severe complications, which manifest in either severe PE or eclampsia, respectively. Additionally, this hypothesis can be authenticated by the incorporation of a mathematical algorithm whereby the rate of change of placenta-derived exosomes, in relation to total exosomes, within a specified gestational age would enable accurate and reliable diagnosis of PE throughout gestation. This is based on the theory that placenta-derived and total exosomes increase throughout gestation in normal pregnancy,[@b80-ijn-12-8009],[@b81-ijn-12-8009] which have been found to be altered in early-and late-onset PE.[@b85-ijn-12-8009] This model represents the classification of early- and late-onset PE based on the ratio of the rate of change of total exosomes to placenta-derived exosomes within a specified gestational age range represented by the following elementary formulae: $$\begin{array}{l}
{\frac{\Delta\text{PLAP}^{+}\text{exosomes}}{\Delta{\text{CD}63}^{+}\text{total~exosomes}} = \frac{\text{PLAP}^{+}~_{2} - \text{PLAP}^{+}~_{1}}{G_{2} - G_{1}}} \\
{\mspace{148mu} = \frac{{\text{CD}63}^{+}~_{2} - {\text{CD}63}^{+}~_{1}}{G_{2} - G_{1}}} \\
{\mspace{148mu} = \frac{\text{PLAP}^{+}~_{2} - \text{PLAP}^{+}~_{1}}{{\text{CD}63}^{+}~_{2} - {\text{CD}63}^{+}~_{1}}} \\
\end{array}$$where PLAP^+^ exosomes are placenta-derived exosomes, CD63^+^ total exosomes, and G gestational age.

With this hypothetical model, at any specified time period during pregnancy, the calculation of the rate of change in total exosomes to placenta-derived exosomes can be used to assess placental function, impending PE, and the severity of the complication. The model presents the rate of change of ΔPLAP^+^ exosomes/ΔCD63^+^ exosomes as a relative measure of impending PE during the preclinical and clinical phases of PE. However, this model is still to be evaluated in a clinical setting, in order to determine the appropriate rate of change for diagnosis/prognosis.

Molecular markers of placenta-derived exosomes in normal and preeclamptic pregnancies
-------------------------------------------------------------------------------------

Exosomes contain cargo, such as mRNA, miRNA, cytosolic proteins, membrane-bound proteins, and lipids, which are selectively packaged during exosomal biogenesis. Exosomes usually contain a variety of molecules that are native to the originating cell and enriched with endosome-associated protein markers, such as tetraspanins (CD63, CD81, CD82, CD9, CD37), HSP70, RAB proteins, ALIX, TSG101, endocytic proteins, and cell-specific proteins, which provide information regarding their cellular origin.[@b95-ijn-12-8009] Pregnancy-associated exosomes have been found to contain a number of membrane-bound protein markers, such as NKGD2 ligands,[@b96-ijn-12-8009] FasL,[@b82-ijn-12-8009],[@b83-ijn-12-8009] TRAIL,[@b82-ijn-12-8009] and syncytin 1,[@b97-ijn-12-8009] which suggests that placenta-derived exosomes play a key role in maintaining maternal--fetal tolerance ([Figure 4](#f4-ijn-12-8009){ref-type="fig"}). Other specific pregnancy-associated exosomal proteins, such as TGFβ, indicate that placenta-derived exosomes are involved in the control of STB growth, proliferation and differentiation.[@b98-ijn-12-8009] Although these exosomal membrane-bound proteins are associated with pregnancy, they cannot be used as definitive markers of placenta-derived exosomes, due to their lack of placental specificity; therefore, placental ALP remains the marker of choice when isolating and identifying placenta-derived exosomes.[@b79-ijn-12-8009]--[@b81-ijn-12-8009],[@b85-ijn-12-8009],[@b90-ijn-12-8009],[@b99-ijn-12-8009],[@b100-ijn-12-8009] Even though it is known that exosomes contain mRNA and miRNA, which are key molecular mediators in translational and posttranscriptional modification, the exact composition of these exosomal constituents has not been elucidated in placenta-derived exosomes. Therefore, future studies should incorporate identification of novel nucleic acid sequences in placenta-derived exosomes in normal and PE pregnancies to enhance the specificity and sensitivity of these vesicles as biomarkers of PE.

Perspectives on engineered exosomes in PE therapeutics
======================================================

Stem cell (SC)-derived exosome therapy is of emerging clinical importance as an alternative to other gene therapies, since exosomes have no risk of aneuploidy and a lower rate of immunorejection following allogeneic administration.[@b101-ijn-12-8009] In addition, they serve as ideal vectors for the reprogramming of diseased cells in various pathological states, such as PE, since they have the ability to change the phenotype of the target cell though various signaling cascades and transfer of RNA.[@b102-ijn-12-8009],[@b103-ijn-12-8009] Mesenchymal SCs (MSCs) are rich in their application as regenerative agents of damaged or diseased cells, due to their unique complement of proteins, which promote biological processes and pre-miRNA that facilitate intercellular communication.[@b104-ijn-12-8009]--[@b106-ijn-12-8009] MSC-derived exosomes have been shown to act as promising therapeutic agents in cardiovascular disease,[@b107-ijn-12-8009],[@b108-ijn-12-8009] kidney injury,[@b109-ijn-12-8009] immune disease,[@b110-ijn-12-8009] tumor growth,[@b111-ijn-12-8009] and neurological diseases.[@b112-ijn-12-8009],[@b113-ijn-12-8009] However the use of MSC-derived exosomes to treat PE has its challenges, due to the complexity of the pathogenesis of the disease. It is thus a prerequisite to determine the role of placenta-derived exosomes in the pathogenesis of PE through isolation and characterization of exosomal cargo and functional activity, and to understand the mechanism of biogenesis of placenta-derived exosomes in normal and PE pregnancies.

Engineering MSC-derived exosomes for the specific treatment of PE has potential, based on the understanding that exosomes may be primary-role players in the etiopathogenesis of PE. This process would involve the in vitro genetic manipulation of isolated MSCs using plasmid-based vectors to package dsRNA selectively during in vitro MSC-exosome biogenesis to enable the silencing of specific genes involved in the pathogenesis of PE and to engineer the surface proteins of MSC exosomes to result in their specific delivery to STB cells, allowing for more targeted exosome-cargo delivery. This would enable the effective targeted delivery of RNAi for reprogramming of the diseased placenta.

Conclusion
==========

The future of the diagnosis of PE is dependent on the identification of novel biomarkers, which in turn may lead to personalized medicine during pregnancy in the form of liquid biopsies. Exosomes are the future of liquid biopsies, as they contain molecular cargo that can be used to diagnose such diseases as cancer without the need for a conventional biopsy. Although there is much controversy regarding the collection, isolation, and characterization of exosomes, the concept of these vesicles as novel biomarkers of the disease remains promising. We project that these shortcomings will be resolved with the implementation of carefully regulated exosomal standardization and validation methods. Additionally, rapid advances in such technologies as nanoparticle-tracking analysis, immunocapture, and next-generation sequencing would improve the efficiency of exosomal isolation and characterization and lead to the identification of novel placenta-derived exosomal protein and nucleic acid markers. The development of algorithms based on the model presented would add value in creating a personalized approach in managing PE and other pregnancy-related complications. These perspectives form the fundamental basis for the use of placenta-derived exosomes in liquid biopsies of the diseased placenta in PE.
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![Classification of hypertensive disorders in pregnancy.\
**Notes:** Hypertensive disorders with preeclampsia subclassified into early- and late-onset preeclampsia. Adverse conditions are defined as conditions that increase the risk of severe complications. Adverse conditions and severe complications are categorized into the organ system affected (ie, central nervous system, cardiorespiratory, hematological, renal, hepatic, and fetoplacental), as described by Magee et al.[@b25-ijn-12-8009] ^a^Hypertension present either at prepregnancy or that developed at 20 weeks prior to gestation.](ijn-12-8009Fig1){#f1-ijn-12-8009}

![Potential biomarkers involved in the pathogenesis of preeclampsia (PE).\
**Notes:** (**A**) Proangiogenic and (**B**) anti-angiogenic factors associated with improper spiral-artery remodeling in PE. (**C**) Immune factors associated with the pathogenesis of PE as a result of the predominant T~h~1 immunity of the disorder. ^+^Significantly increased expression in comparison to normal pregnancy; ^−^significantly lowered expression in comparison to PE pregnancies.\
**Abbreviations:** MSIR, maternal systemic inflammatory response; T~h~, T-helper.](ijn-12-8009Fig2){#f2-ijn-12-8009}

![Hypothetical model of exosomes in relation to immunological and clinical outcomes in EOPE, LOPE, and normal pregnancy.\
**Notes:** (**A**) In EOPE, an increase in placenta-derived and total exosomes in comparison to normal pregnancy mediates a shift toward T~h~1 immunity and thus results in an exaggerated MSIR. (**B**) In normal pregnancy, there is a balance between placenta-derived and total exosomes that mediates a shift toward T~h~2 immunity, thereby maintaining a balanced MSIR, a requirement for successful pregnancy. (**C**) In LOPE, the increase in total and decrease in placenta-derived exosomes in comparison to normal pregnancy mediates a shift toward T~h~1 immunity, which exaggerates the MSIR to a degree that does not exceed the MSIR in EOPE. (**A**, **C**) Alteration in the magnitude of placenta-derived and total-exosomes during the manifestation of LOPE or EOPE results in adverse conditions or severe complications that lead to the clinical manifestation of severe PE or eclampsia.\
**Abbreviations:** EOPE, early-onset preeclampsia; LOPE, late-onset PE; MSIR, maternal systemic inflammatory response; T~h~, T-helper.](ijn-12-8009Fig3){#f3-ijn-12-8009}

![Schematic representation of key pregnancy-associated exosomal molecular cargo and their function.\
**Notes:** This figure highlights key transmembrane and cytosolic proteins involved in immunomodulation during normal pregnancy. Key pregnancy-associated exosomal nucleic acids have not been identified to date. Common exosomal markers are not shown.\
**Abbreviation:** PBMCs, peripheral blood mononuclear cells.](ijn-12-8009Fig4){#f4-ijn-12-8009}

###### 

Overview of potential, combined and candidate biomarkers in preeclampsia

  Biomarker                                            Biomarker type                                          Detection stage                                                         Role                                                                                                                                                                                                                                                                                                                                                                                      Sensitivity   Specificity   Advantages                                                                                                                                                                                                                                                                                                                                                                                                                     Disadvantages                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                         Reference(s)
  ---------------------------------------------------- ------------------------------------------------------- ----------------------------------------------------------------------- ----------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------- ------------- ------------- ------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------ --------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------- ----------------------------------------
  **Potential biomarkers/combined biomarkers**                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                    
  Cystatin C                                           Protein                                                 Preclinical (first trimester: ≥11 weeks)                                Protease inhibitor involved in impaired renal function and hypothesized to disrupt placental development in PE                                                                                                                                                                                                                                                                            91.7          85.7          May be a useful first-trimester biomarker due to its elevation in overt PE, with a 93% detection rate when used in combination with maternal BMI                                                                                                                                                                                                                                                                               Indirect measure of glomerular filtration impairment and may be unrelated to placental dysfunction; may have application in severe preeclampsia, though the possibility that this occurs as a result of renal impairment due to increase protein load in maternal circulation should not be excluded The study was inconclusive, as data regarding clinical markers, such as arterial pressure and Doppler PI were not been measured; inclusion of other HDPs need to be taken into consideration in future studies   [@b114-ijn-12-8009]
  HTRA3                                                Enzyme                                                  Clinical (second trimester: 13--14 weeks)                               Serine protease found to be associated with alterations in placental oxygen transfer, and thus may be involved in blood-vessel remodeling                                                                                                                                                                                                                                                 ND            ND            Elevation of HTRA3 in PE indicates biomarker potential; additionally, the ratio of HTRA3-L to total HTRA3 was lower in early-onset PE                                                                                                                                                                                                                                                                                          Involvement of the enzyme in the pathogenesis of PE is unknown; enzyme not a marker of placental function and thus cannot be used as a specific marker of placental function in PE                                                                                                                                                                                                                                                                                                                                    [@b62-ijn-12-8009]
  NGAL                                                 Glycoprotein                                            Clinical (late second trimester, early third trimester: 24--26 weeks)   Involved in the modulation of oxidative stress in normal cellular physiology; its dysregulation has been associated with inflammation and cancer                                                                                                                                                                                                                                          75            94.5          Elevated levels of NGAL obtained in PE that were positively correlated with blood pressure and proteinuria                                                                                                                                                                                                                                                                                                                     Involvement of NGAL in pathophysiology of PE unknown; findings need to evaluated in larger population                                                                                                                                                                                                                                                                                                                                                                                                                 [@b66-ijn-12-8009]
  PP13                                                 Protein                                                 Preclinical (first trimester: 6--10 weeks)                              Immunoregulatory protein involved in placental development                                                                                                                                                                                                                                                                                                                                80            20            Significantly reduced levels of PP13 found in PE in early pregnancy and thus may have application as potential early predictor of PE                                                                                                                                                                                                                                                                                           Marker has poor detection sensitivities, and detection has to be based on predetermined cutoff values                                                                                                                                                                                                                                                                                                                                                                                                                 [@b72-ijn-12-8009]
  Serum lipids                                         Oxidized cholesterol and glycerophosphocholine          Preclinical (first trimester: 6--10 weeks)                              Lipids like oxidized cholesterol contribute to vascular atherosclerosis                                                                                                                                                                                                                                                                                                                   91            82            Combined lipid biomarkers show good ability to detect PE in early pregnancy                                                                                                                                                                                                                                                                                                                                                    Role of these lipids still unknown in pathogenesis of PE; in addition, further studies required to determine if these markers are specific for PE or associated with all types of pregnancy-related complications                                                                                                                                                                                                                                                                                                     [@b76-ijn-12-8009]
  IL10, TNFα, and IFNγ                                 Cytokines                                               Clinical (second trimester: 14--18 weeks)                               IL10 is an important anti- inflammatory cytokine in pregnancy that inhibits upregulation of MMP2 and MMP9 and promotes the termination of T~h~1 inflammatory rejection reactions against the fetal placental unit TNFα involved in systemic endothelial cell activation IFNγ associated with idiopathic recurrent spontaneous abortion                                                    ND            ND            Reduced levels of these cytokines may be involved in the modulation of etiopathogenesis of PE and thus show promise as early clinical stage biomarker                                                                                                                                                                                                                                                                          Larger population size required to validate biomarker potential                                                                                                                                                                                                                                                                                                                                                                                                                                                       [@b55-ijn-12-8009], [@b56-ijn-12-8009]
  RASSF1A                                              cfDNA/cffDNA                                            Clinical (second trimester: 17--30 weeks)                               It is hypothesized that the reason cffDNA increases in maternal circulation before onset of the clinical symptoms is increased placental perfusion caused by inadequate spiral-artery remodeling; oxidative stress, apoptosis, and necrosis the main physiological processes that disrupt placental development, leading to increase levels of cfDNA and cffDNA in maternal circulation   87.5/100      75/50         Reliable predictor of PE with ROC (AUC) values of 0.94 and 0.83 for cfDNA and cffDNA, respectively; predictive capability of woman with risk of PE who developed PE and woman at risk who did not develop PE had an ROC (AUC) value of 0.78 and 0.81 for cfDNA and cffDNA, respectively; combined cfDNA and cffDNA quantification of RASSF1A may be used as a late preclinical stage biomarker in women with high risk of PE   Cannot be used as a very early biomarker (0--16 weeks of gestation) cffDNA has low specificity and thus needs to be used in combination with cfDNA The exact physiological role of these molecules in PE has not been elucidated                                                                                                                                                                                                                                                                                      [@b50-ijn-12-8009], [@b51-ijn-12-8009]
  **Combined clinical markers/potential biomarkers**                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                              
  MFs, MAP, UtA PI, PGF, PAPPA                         Clinical measurements, angiogenic factor, and protein   Preclinical (first trimester: 11--13 weeks)                             Clinical markers (MFs, MAP, and UtA PI) direct measures of cardiac malfunction PGF an angiogenic factor required for normal placental development PAPPA involved in cellular proliferation                                                                                                                                                                                                ND            ND            Combined markers have potential to detect severe EOPE at detection rate of 93% with false- positive rate of 5% Algorithm for the detection of severe EOPE may serve as a useful screening tool Method has a greater detection rate of PE than previous traditional methods, which relied entirely on maternal history                                                                                                          Poor detection rates for LOPE (35%) and GH (18.3%) obtained; this proves that the combined marker cannot differentiate between PE subtypes                                                                                                                                                                                                                                                                                                                                                                            [@b31-ijn-12-8009]
  MFs, MAP, UtA PI, PAPPA, free βhCG                   Clinical measurements, protein, and hormone             Preclinical (first trimester: 8--12 weeks)                              βhCG involved in implantation and blastocyst development and replaced PGF in Poon et al[@b31-ijn-12-8009]                                                                                                                                                                                                                                                                                 ND            ND            At a false-positive rate of 5%, 10% detection rates for EOPE were 69.2% and 80.8%; however, LOPE-detection rates were lower at 29.4% and 39.6% May be a useful tool in early screening of EOPE                                                                                                                                                                                                                                 Cannot differentiate between PE subtypes Cannot be used as screening test, as larger studies with inclusion of angiogenic factors are required to validate potential to be used in differential diagnosis of PE                                                                                                                                                                                                                                                                                                       [@b29-ijn-12-8009]
  **Combined candidate biomarkers**                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                               
  sFlt1 and PGF                                        Angiogenic and antiangiogenic factors                   Clinical (third trimester: 20--33 weeks)                                Directly involved in the pathogenesis of PE; PGF and angiogenic factor required for normal placental development and sFlt1 an antiangiogenic factor                                                                                                                                                                                                                                       88--95        94--99.5      Ability to detect PE with high sensitivity and specificity. In addition, differential phase cutoffs improve the diagnostic accuracy of the ratio Favorable sensitivity and specificity are attributed to their direct involvement in normal pregnancy                                                                                                                                                                          Larger studies required to validate differential diagnosis, due to high constructed incidence of PE in this study and multifactorial nature of the disorder Cannot be used as an early biomarker of PE                                                                                                                                                                                                                                                                                                                [@b38-ijn-12-8009]

**Abbreviations:** BMI, body-mass index; EOPE, early-onset PE; GH, gestational hypertension; HDPs, hypertensive disorders of pregnancy; LOPE, late-onset PE; MAP, mean arterial pressure; MFs, maternal factors; ND, not determined; PE, preeclampsia; UtA PI, uterine-artery pulsatility index; βhCG, β-human chorionic gonadotropin.
